INTRODUCTION
============

Viruses are the leading cause of meningitis worldwide, with an estimated incidence of 12 to 19 cases per 100,000 people per year \[[@b1-phrp-08-318]\]. Among the causative viral agents of meningitis, non-polio enteroviruses, especially echovirus 30, are predominant \[[@b2-phrp-08-318]\]. Echovirus 30 belongs to the species *Enterovirus B* of the genus *Enterovirus* of the Picornaviridae family, and has high genetic variability \[[@b3-phrp-08-318]\]. The genetic diversity of echovirus 30 has been studied and the virus variants were phylogenetically divided into several genogroups \[[@b4-phrp-08-318]\]. Epidemics of echovirus 30 infection have been noted in long-term surveillance reports from the USA, and recent outbreaks have also occurred in South America, Central America, Asia, and Europe \[[@b5-phrp-08-318]\].

Itraconazole is a triazole antifungal drug that inhibits the enzyme lanosterol 14-α-demethylase, which is important in ergosterol synthesis in fungi \[[@b6-phrp-08-318]\]. It possesses greater activity than fluconazole, is less expensive than newer triazoles, and unlike its predecessor, ketoconazole, exerts minimal effects on mammalian enzymes \[[@b7-phrp-08-318]\]. Consequently, itraconazole is frequently used by veterinarians for the treatment of fungal infections \[[@b8-phrp-08-318]\]. Itraconazole was previously reported to have an effect on human immunodeficiency virus (HIV)-associated talaromycosis \[[@b9-phrp-08-318]\] and showed therapeutic and prophylactic activity against human rhinovirus infection in a murine model \[[@b10-phrp-08-318]\]. However, the antiviral activity of itraconazole against echovirus 30 has not yet been reported.

In this study, we have investigated whether itraconazole exerts antiviral activity against echovirus 30 *in vitro*. Furthermore, we assessed the action of itraconazole on echovirus 30 replication in more detail.

MATERIALS AND METHODS
=====================

1. Virus, cells, and reagents
-----------------------------

Echovirus 30 was obtained from ATCC (American Type Culture Collection, Manassas, VA, USA) and propagated through the infection of RD cells, a human rhabdomyosarcoma cell line. RD cells were maintained in minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution. MEM, FBS, trypsin-ethylenediaminetetraacetic acid, and antibiotic-antimycotic solution were purchased from Gibco BRL (Invitrogen Life Technologies, Karlsruhe, Germany). The antiviral activity of itraconazole against echovirus 30 was identified by *in vitro* screening of the Screen-Well^TM^ FDA Approved Drug Library V2 version 1.0 (BML-2843-0100; Enzo Life Sciences Inc., Farmingdale, NY, USA). Rupintrivir and pleconaril were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2. Antiviral and cytotoxicity assays
------------------------------------

The antiviral activity was evaluated by the sulforhodamine (SRB) method based on the cytopathic effect (CPE) induced by viral infection, as previously reported \[[@b11-phrp-08-318]\]. One day before infection, 2 × 10^4^ RD cells/well were seeded into a 96-well culture plate (Falcon; BD Biosciences, San Jose, CA, USA) and incubated at 37°C in an atmosphere of 5% CO~2~. The next day, the medium was changed to MEM supplemented with 1% FBS, and the diluted virus suspension at a 50% cell culture infective dose (CCID~50~), and the indicated concentrations of the compounds were added. The culture plate was incubated at 37°C in 5% CO~2~ for 2 days until the appropriate CPE was achieved. The cells were fixed with ice-cold 70% acetone for 30 minutes and stained with 0.4% (w/v) SRB (Sigma-Aldrich) in 1% acetic acid. The bound SRB was then solubilized with 10 mM Tris base and the absorbance was read at 562 nm by using a SpectraMax^®^ i3 microplate reader (Molecular Devices, Palo Alto, CA, USA), with a reference absorbance at 650 nm. The results of the antiviral activity were presented as a percentage of the control.

To evaluate the cytotoxicity, RD cells (2 × 10^4^ cells/well) were seeded into 96-well culture plates. The following day, the medium was removed and the 96-well plates were replaced with media containing serially diluted compounds. After incubation for 2 days, cytotoxicity was evaluated by using the SRB assay. The culture medium was removed and washed with PBS, followed by the antiviral activity assay described above. The results were calculated as a percentage of the controls.

To test the effect of itraconazole on the infectivity of echovirus 30 particles, echovirus 30 was preincubated with itraconazole, rupintrivir, or pleconaril for 1 hour at 4°C, and RD cells were infected with pretreated or untreated echovirus 30 for 1 hour at 37°C. The unbound virus was removed and the cells were washed twice with PBS and incubated in medium supplemented with or without itraconazole, rupintrivir, or pleconaril at 37°C. The antiviral activity was determined by the SRB assay after 2 days \[[@b12-phrp-08-318]\].

3. Time course experiment
-------------------------

RD cells were infected with echovirus 30 at the CCID~50~, treated with itraconazole, rupintrivir, or pleconaril, and harvested at the indicated time points (1, 2, 4, 6, 8, 10, and 12 hours post-infection). The total RNA was isolated and the level of echovirus 30 RNA was analyzed by quantitative reverse transcription polymerase chain reaction (RT-qPCR).

4. Time-of-addition (TOA) assay
-------------------------------

The TOA assay was designed to determine the mechanism of action of itraconazole \[[@b13-phrp-08-318],[@b14-phrp-08-318]\]. Itraconazole, rupintrivir, or pleconaril were added to the cells at 10 μg/mL either 1 hour before (−1 hour), during (0 hour), or after (1, 2, 4, and 8 hours) echovirus 30 infection. After 12-hour incubation, real-time PCR analysis was performed by using the Thunderbird^®^ SYBR^®^ qPCR Mix (Toyobo, Osaka, Japan).

5. Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
-------------------------------------------------------------------------

Total RNA was extracted by using the QIAamp^®^ viral RNA Mini kit (Qiagen, Valencia, CA, USA) in accordance with the manufacturer's instructions. For a 20-μL reverse transcription reaction, RNA was incubated for 60 minutes at 42°C with RNase inhibitor, murine Moloney leukemia virus reverse transcriptase, oligo(dT)~15~ primer, and dNTPs in 1× buffer (all from Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. For the qPCR analysis, the cDNA was amplified by using the CFX96^TM^ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with Thunderbird^®^ SYBR^®^ qPCR Mix and the following primers: echovirus 30 5′-noncoding region (NCR)-sense, 5′-TCC TCC GGC CCC TGA ATG-3′ and 5′-NCR-antisense, 5′-GAA ACA CGG ACA CCC AAA G-3′ \[[@b15-phrp-08-318]\].

6. Statistical analyses
-----------------------

To compare multiple groups, one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test was computed by GraphPad Prism version 5 (GraphPad Software, La Jolla, CA, USA). Values of *p* \< 0.05 were considered to be statistically significant at a 95% confidence interval.

RESULTS
=======

1. Itraconazole has antiviral activity against echovirus 30 *in vitro*
----------------------------------------------------------------------

It was recently reported that itraconazole exerted antiviral activity against enteroviruses, including coxsackievirus B3 and human rhinoviruses \[[@b10-phrp-08-318]\]. Here, we confirmed the antiviral activity of itraconazole against echovirus 30 through the assessment of its virus-induced CPE in RD cells by using the SRB assay. Echovirus 30 infection induced cell death in approximately 95% of RD cells; the treatment of the cells with 2 μM itraconazole significantly increased the cell viability to 90%. Furthermore, 10 μM and 50 μM itraconazole completely protected RD cells from echovirus 30-induced cytotoxicity. Rupintrivir, used as a positive control, showed strong antiviral activity against echovirus 30 at 0.08 μM, 0.4 μM, 2 μM, and 10 μM. However, pleconaril did not exhibit antiviral activity at the test concentrations ([Figure 1A](#f1-phrp-08-318){ref-type="fig"}).

We also assessed the cytotoxicity of itraconazole, rupintrivir, and pleconaril in RD cells. Itraconazole and rupintrivir did not induce cytotoxicity at 10 μM and 50 μM, but pleconaril produced substantial cytotoxicity at 50 μM concentrations ([Figure 1B](#f1-phrp-08-318){ref-type="fig"}). Collectively, these results indicated that itraconazole exerted antiviral activity against echovirus 30 *in vitro*.

Based on the results of the echovirus 30 cytotoxicity assays, we performed time-course experiments to analyze the mechanism of activity of itraconazole. Echovirus 30 viral RNA was analyzed by using RT-qPCR at various time points (i.e., 1, 2, 4, 6, 8, 10, and 12 hours) after 10-μM itraconazole treatment of echovirus 30-infected cells. We detected the viral RNA of echovirus 30 from 8 hours post-infection. Interestingly, itraconazole effectively inhibited the proliferation of echovirus 30, similar to the well-known effect of rupintrivir, which is an inhibitor of picornavirus 3C protease ([Figure 2](#f2-phrp-08-318){ref-type="fig"}). Based on the results of these time course experiments, we hypothesized that itraconazole impacts upon a relatively early stage of the viral cycle. Therefore, it could target the entry, uncoating, translation, protease polyprotein processing, or replication. To investigate which step was affected by itraconazole, we adopted a TOA experiment, in which 10 μM itraconazole was applied to the culture medium at −1, 0, 1, 2, 4, 6, 8, or 10 hours post-infection, and echovirus 30 RNA replication was analyzed at 12 hours post-infection.

Itraconazole was added at different periods (before, during, and after) of echovirus 30 infection. The treatment of RD cells with itraconazole 1 hour before echovirus 30 infection did not inhibit the virus. However, the treatment with itraconazole during the 6-hour period after viral infection effectively suppressed viral RNA production. In contrast, the treatment with itraconazole at 8 hours after infection did not inhibit the virus effectively. The inhibitory effect of pleconaril on viral RNA production was not observed when added prior (−1 hour) or during (0 hour) or post (1, 2, 4, 6, 8, and 10 hours) infection. Rupintrivir effectively suppressed viral RNA production when added prior (−1 hour) or during (0 hour) or post (1, 2, 4, and 6 hours) infection and showed an excellent inhibitory effect when added at 8 and 10 hours post-infection ([Figure 3](#f3-phrp-08-318){ref-type="fig"}). The effect of itraconazole and rupintrivir on the suppression of viral RNA production showed similar patterns ([Figure 3](#f3-phrp-08-318){ref-type="fig"}). These results suggested that itraconazole did not suppress the entry of the virus into the cell, but could inhibit a critical step that occurs approximately 6 hours after infection ([Figure 3](#f3-phrp-08-318){ref-type="fig"}).

2. Effects of itraconazole on the infectivity of echovirus 30 particles
-----------------------------------------------------------------------

Next, we assessed the effects of itraconazole directly on the infectivity of the echovirus 30 particles. The preincubation of viral particles (−1 hour) with itraconazole, rupintrivir, or pleconaril did not significantly alter infectivity. In contrast, the continuous presence (from 0 hour) of itraconazole or rupintrivir during infection resulted in a marked increase in antiviral activity. However, pleconaril did not exhibit antiviral activity during infection ([Figure 4](#f4-phrp-08-318){ref-type="fig"}). This result suggested that itraconazole does not bind and neutralize echovirus 30 particles because pre-exposure of the virus to itraconazole did not alter viral infectivity.

DISCUSSION
==========

The *Enterovirus* genus, *Enterovirus B* species, and Picornaviridae family include echovirus type 30, which is a single-stranded RNA virus. From asymptomatic infection, nonspecific febrile illness, nonspecific rash, and upper respiratory infections to sepsis, aseptic meningitis, encephalitis, and myositis, especially in neonates and children, echovirus is associated with a wide range of diseases. Echovirus replicates in the gastrointestinal tract. In addition, it is transmitted between individuals usually by the fecal-oral route, although transmission may occur through respiration \[[@b16-phrp-08-318]--[@b19-phrp-08-318]\].

Echovirus 30 is one of the most frequently isolated echovirus serotypes that causes aseptic meningitis \[[@b20-phrp-08-318]\]. Numerous aseptic meningitis outbreaks that are caused by different strains of echovirus 30 have been reported in the last twenty years in various countries \[[@b21-phrp-08-318]--[@b23-phrp-08-318]\]. In the USA, the primary cause of meningitis outbreaks between 2003 and 2004 was echovirus 30 \[[@b4-phrp-08-318],[@b24-phrp-08-318]\]. Furthermore, other outbreaks of echovirus 30-associated meningitis occurred in Asia in Taiwan (2001), China (2003 and 2004), and Japan (2004 and 2006) \[[@b25-phrp-08-318]--[@b28-phrp-08-318]\]. In Korea, human enterovirus (HEV)-associated meningitis outbreaks have been reported since 1993; echovirus 30 was responsible for an aseptic meningitis outbreak in 1997 \[[@b29-phrp-08-318]\]. Therefore, there is a need to identify inhibitors of echovirus 30 infections that may be developed for treatment.

The triazole group of antifungals, of which itraconazole is a member, has an extensive spectrum of antifungal activity against various pathogenic fungi and yeasts, with low toxicity \[[@b30-phrp-08-318],[@b31-phrp-08-318]\]. Thus, infection with *Cryptococcus neoformans*, *Histoplasma capsulatum*, and several other opportunistic fungal pathogens are treated with itraconazole in the form of an orally administered triazole antifungal drug. Itraconazole has also been used as a nasal spray for the cure of fungal infections. Furthermore, the antiviral effect of itraconazole has been demonstrated against HIV \[[@b32-phrp-08-318]--[@b34-phrp-08-318]\] and hepatitis \[[@b35-phrp-08-318]--[@b37-phrp-08-318]\]. However, to the best of our knowledge, there have been no previous definitive studies on the antiviral activity of itraconazole against echovirus 30. In the current study, we clarified the antiviral activity of itraconazole against echovirus 30 in RD cells. Treatment with 2 μM itraconazole significantly reduced echovirus 30 RNA levels by 90% and exhibited complete antiviral activity against echovirus 30 at concentrations over 10 μM, but no cytotoxicity was observed at all tested concentrations. Therefore, itraconazole, which exhibited potent inhibitory effects on viral production, represents a novel candidate for echovirus 30 therapy.

Pleconaril is a picornavirus capsid binding inhibitor that prevents attachment and/or virus uncoating \[[@b38-phrp-08-318]\]. Rupintrivir is a rhinovirus 3C protease inhibitor, which reached phase II clinical trials in 1999 \[[@b39-phrp-08-318]\]. The two compounds were evaluated against echovirus 30 in CPE assays to determine viral inhibition. Pleconaril did not show antiviral activity, but 0.08 μM rupintrivir, which was used as the positive control, showed strong antiviral activity against echovirus 30. Rupintrivir (10 μM) was not cytotoxic in RD cells, but addition of 50 μM pleconaril resulted in high cytotoxicity. Therefore, our results indicated that rupintrivir is active against echovirus 30 in RD cells.

To investigate the action of itraconazole on echovirus 30 in more detail, we investigated the effect of the drug in multiple steps of the viral infection cycle. Up to 6 hours post-infection, itraconazole effectively inhibited the expression of echovirus 30 RNA in a similar manner to the positive control, rupintrivir. In a TOA experiment, the treatment with itraconazole 1 hour prior- and 8 hours post-infection did not inhibit the expression of echovirus 30 RNA, but treatment with itraconazole between 0 and 4 hours post-infection effectively suppressed expression of echovirus 30 RNA. The pre-exposure of the virus to itraconazole, prior to RD cell infection, did not alter the infectivity of the echovirus 30 particles.

Collectively, itraconazole did not suppress the entry of the virus into the cell, but was able to inhibit the early stages of the viral cycle that occur after viral entry. Our results provided a new direction for the development of potential antiviral agents against echovirus 30 infection.
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![Itraconazole exerts antiviral activity against echovirus 30 *in vitro*. (A) The antiviral activity and (B) cytotoxicity of itraconazole were evaluated based on the cell viability of RD cells. The cell viability was evaluated by using the sulforhodamine assay and the results were determined based on the absorbance at 562 nm. The bar graphs show the mean ± standard deviation.\
Ctrl, control; Veh, vehicle.](phrp-08-318f1){#f1-phrp-08-318}

![The time course of echovirus 30 infection. RD cells infected with the 50% cell culture infective dose of echovirus 30 were harvested at the indicated time points after 2 μM itraconazole, 2 μM rupintrivir, or 10 μM pleconaril had been added (i.e., post-infection). The total RNA was isolated and echovirus 30 RNA was analyzed by RT-qPCR.](phrp-08-318f2){#f2-phrp-08-318}

![Time-of-addition experiment testing the effect of itraconazole on the echovirus 30 viral cycle. Itraconazole (2 μM), rupintrivir (2 μM), or pleconaril (10 μM) were added prior to, at the time of, or after viral infection of RD cells, specifically at the indicated time points. The percentage of viable cells was analyzed 14 hours post-infection. RD cells that were treated with drugs prior to viral infection were washed before infection.](phrp-08-318f3){#f3-phrp-08-318}

![Effects of itraconazole on infectivity of echovirus 30 particles. Echovirus 30 particles were incubated with of 2 μM itraconazole, 2 μM rupintrivir, or 10 μM pleconaril for 1 hour at 4°C. RD cells were then incubated in the presence or absence of virus for 1 hour at 37°C. The unbound virus was removed by extensive washing and the incubation was continued with or without 2 μM itraconazole, 2 μM rupintrivir, or 10 μM pleconaril at 37°C. The antiviral activity was determined by RT-qPCR analysis 2 days after infection. −1 h, pre-incubation of virus with the indicated drug without subsequent drug treatment of the infected cells; 0 h, incubation of cells with the indicated drug after viral infection; Ctrl, control; Veh, vehicle.](phrp-08-318f4){#f4-phrp-08-318}

[^1]: Jae-Sug Lee and Hwa-Jung Choi contributed equally to this work.
